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Testing NSI suggested by the solar neutrino tension in T2HKK and DUNE
Monojit Ghosh∗ and Osamu Yasuda†
Department of Physics, Tokyo Metropolitan University, Hachioji, Tokyo 192-0397, Japan
It has been known that a tension between the mass-squared differences obtained from the solar neutrino and
KamLAND experiments may be solved by introducing the Non-Standard flavor-dependent Interaction (NSI) in
neutrino propagation. We discuss the possibility to test such a hypothesis by the future long baseline neutrino
experiments T2HKK and DUNE. Assuming that NSI does not exist, we give the excluded region in the (ǫD ,
ǫN )-plane, where ǫD and ǫN are the parameters which appear in the solar neutrino analysis with NSI. It is found
that the best-fit value from the solar neutrino and KamLAND data (global analysis) can be tested at more than
10σ (3σ) by the two experiments for most the parameter space.
I. INTRODUCTION
It is well established by solar, atmospheric, reactor and ac-
celerator neutrino experiments that neutrinos have masses and
mixings [1]. In the standard three flavor neutrino oscillation
framework, there are three mixing angles θ12, θ13, θ23, two
mass-squared differences ∆m231, ∆m
2
21 and one Dirac type
CP phase δCP . The approximate values of the oscillation
parameters are determined as (∆m221, sin
2 2θ12) ≃ (7.5 ×
10−5eV2,0.86), (|∆m231|, sin2 2θ23) ≃ (2.5× 10−3eV2,1.0),
sin2 2θ13 ≃ 0.09 [2–4]. Although there are some indications
that δCP ∼ −90◦ and ∆m231 > 0 is favored, on the other
hand, we do not know the value of the Dirac CP phase δCP,
the sign of ∆m231 (the mass hierarchy) and the octant of θ23
(the sign of 45◦−θ23) with high-confidence level. To measure
these undetermined neutrino oscillation parameters, neutrino
oscillation experiments with high statistics, such as T2HK [5],
DUNE [6], and T2HKK[7] have been proposed. With these
precision measurements, we can also probe the new physics
by looking at the deviation from the standard three flavor neu-
trino mixing scenario.
On the other hand, it has been known [8, 9] that there is
a tension between the mass-squared difference deduced from
the solar neutrino observations and the one from the Kam-
LAND experiment. While Ref. [8] proposed the sterile neu-
trino oscillation with the mass-squared difference of order
O(10−5) eV2, it was pointed out in Ref. [9] that the tension
can be resolved by introducing the flavor-dependent NonStan-
dard Interactions (NSI) in neutrino propagation:[10–12]
LNSI = −2
√
2 ǫff
′P
αβ GF ν¯αLγµνβL f¯Pγ
µf ′P , (1)
where fP and f
′
P are the fermions with chirality P , ǫ
ff ′P
αβ is
a dimensionless constant and GF is the Fermi coupling con-
stant. Constraints on ǫαβ have been discussed by many peo-
ple in the past 1; from atmospheric neutrinos [15–19], from
e+e− colliders [20], from the compilation of various neu-
trino data [21, 22], from solar neutrinos [23–25], from νee or
ν¯ee scatterings [26, 27], from solar and reactor neutrinos [28],
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1 See Refs. [13, 14] for extensive references.
from solar, reactor and accelerator neutrinos [29]. The con-
straints on ǫee and ǫeτ from the atmospheric neutrino has been
discussed in Ref. [30] along with those from the long-baseline
experiments, in Ref. [31] by the Super-Kamiokande Collabo-
ration, in Refs. [32–36] on the future atmospheric neutrino
experiments. In recent past, NSI has been studied extensively
in the context of long-baseline experiments [37–60].
In the analysis of the long-baseline experiments and the
atmospheric neutrino experiments, the dominant oscillation
comes from the larger mass squared difference∆m231 and the
oscillation probabilities are expressed in terms of ǫαβ in addi-
tion to the standard oscillation parameters. While the results
in Ref. [9] may suggest the existence of NSI, the parametriza-
tions for the NSI parameters (ǫD, ǫN ) in Ref. [9] are different
from the one with ǫαβ and it is not clear how the allowed
region in Ref. [9] will be tested or excluded by the future
experiments. In Ref. [61], assuming the standard oscillation
scenario, the excluded region in the (ǫD, ǫN )-plane by the at-
mospheric neutrino measurements at Hyper-Kamiokande was
given. In this paper we discuss the sensitivity of the accel-
erator based neutrino measurements T2HKK and DUNE to
NSI using the same parametrization as in Ref. [9]. Since the
parametrization which is used in Ref. [9] is different from the
one ǫαβ in the three flavor basis, a non-trivial mapping is re-
quired to compare the results in these two parametrizations.
As in the case of the standard scenario [62–65], parameter
degeneracy in the presence of the new physics has been stud-
ied in Refs. [42, 45, 50, 52, 57, 58, 66, 67]. Since little is
known about parameter degeneracy in the parametrization of
ǫD and ǫN , and since the study of the subject is beyond the
scope of this paper, we do not discuss parameter degeneracy
here.
This paper is organized as follows. In section II, we de-
scribe the neutrino oscillations in the presence of NSI in
neutrino propagation, and we give some descriptions of the
T2HKK and DUNE experiments. In section III, we describe
the correspondence between the parametrization ǫαβ in the
long baseline and (ǫD, ǫN ) in the solar neutrino experiments.
In section IV, we give our results. In section V, we draw our
conclusions.
2II. THREE FLAVOR NEUTRINO OSCILLATION
FRAMEWORK WITH NSI
A. Nonstandard interactions
The presence of NSI (Eq. (1)) modifies the neutrino evolu-
tion governed by the positive energy part of the Dirac equa-
tion:
i
d
dx

 νe(x)νµ(x)
ντ (x)


=
{
U diag (0,∆E21,∆E31)U
−1 +A}

 νe(x)νµ(x)
ντ (x)

 , (2)
where U is the leptonic mixing matrix defined by
U =

 c12c13 s12c13 s13e−iδCP−s12c23 − c12s23s13eiδCP c12c23 − s12s23s13eiδCP s23c13
s12s23 − c12c23s13eiδCP −c12s23 − s12c23s13eiδCP c23c13

 , (3)
and ∆Ejk ≡ ∆m2jk/2E ≡ (m2j −m2k)/2E, cjk ≡ cos θjk ,
sjk ≡ sin θjk. A in Eq. (1) stands for the modified matter
potential
A ≡
√
2GFNe

 1 + ǫee ǫeµ ǫeτǫµe ǫµµ ǫµτ
ǫτe ǫτµ ǫττ

 , (4)
ǫαβ is defined by
ǫαβ ≡
∑
f=e,u,d
Nf
Ne
ǫfαβ , (5)
and Nf (f = e, u, d) stands for number densities of fermions
f . Here we defined the new NSI parameters as ǫfPαβ ≡ ǫffPαβ
and ǫfαβ ≡ ǫfLαβ+ǫfRαβ since the matter effect is sensitive only to
the coherent scattering and only to the vector part in the inter-
action. As can be seen from the definition of ǫαβ , the neutrino
oscillation experiments on the Earth are sensitive only to the
sum of ǫfαβ .
B. Solar neutrinos
In Refs. [8, 9] it was pointed out that there is a tension
between the two mass squared differences extracted from
the KamLAND and solar neutrino experiments. The mass
squared difference∆m221 (= 4.7× 10−5eV2) extracted from
the solar neutrino data is 2σ smaller than that from the Kam-
LAND data ∆m221 (= 7.5 × 10−5eV2). The authors of
Refs. [9] discussed the tension can be removed by introduc-
ing NSI in propagation.
To discuss the effect of NSI on solar neutrinos, we reduce
the 3 × 3 Hamiltonian in the Dirac equation Eq. (2) to an
effective 2 × 2 Hamiltonian to get the survival probability
P (νe → νe) because solar neutrinos are approximately driven
by one mass squared difference∆m221 [9]. The survival prob-
ability P (νe → νe) can be written as
P (νe → νe) = c413Peff + s413 . (6)
Peff can be calculated by using the effective 2×2Hamiltonian
Heff written as
Heff =
∆m221
4E
( − cos 2θ12 sin 2θ12
sin 2θ12 cos 2θ12
)
+
(
c213A 0
0 0
)
+A
∑
f=e,u,d
Nf
Ne
( −ǫfD ǫfN
ǫf∗N ǫ
f
D
)
,
where ǫfD and ǫ
f
N are linear combinations of the standard NSI parameters:
ǫfD = c13s13Re
[
eiδCP
(
s23ǫ
f
eµ + c23ǫ
f
eτ
)]− (1 + s213) c23s23Re [ǫfµτ ]− c2132
(
ǫfee − ǫfµµ
)
+
s223 − s213c223
2
(
ǫfττ − ǫfµµ
)
(7)
ǫfN = c13
(
c23ǫ
f
eµ − s23ǫfeτ
)
+ s13e
−iδCP
[
s223ǫ
f
µτ − c223ǫf∗µτ + c23s23
(
ǫfττ − ǫfµµ
)]
. (8)
Ref. [9] discussed the sensitivity of solar neutrino and Kam-
LAND experiments to ǫfD and real ǫ
f
N for one particu-
lar choice of f = u or f = d at a time. The best
fit values from the solar neutrino and KamLAND data are
(ǫuD, ǫ
u
N ) = (−0.22,−0.30) and (ǫdD, ǫdN) = (−0.12,−0.16)
and that from the global analysis of the neutrino oscilla-
tion data are (ǫuD, ǫ
u
N) = (−0.140,−0.030) and (ǫdD, ǫdN ) =
(−0.145,−0.036). These results give us a hint for the ex-
istence of NSI. In addition to the above, Ref. [9] also dis-
cussed the possibility of the dark-side solution (∆m221 < 0
and θ21 > 45
◦) which requires NSI in the solar neutrino
3problem. The allowed regions for the dark-side solution are
disconnected from that for the standard LMA solution in the
plane (ǫfD, ǫ
f
N) and those for the dark-side solution within 3σ
do not contain the standard scenario ǫfD = ǫ
f
N = 0.
C. T2HKK and DUNE
The T2HKK experiment [7] is a proposal for the fu-
ture extension of the T2K experiment [68],2 and a water
Cˇerenkov detector of fiducial mass 187 kt is placed not only in
Kamioka (at a baseline length L = 295 km) but also in Korea
(at L ≃ 1100 km), whereas the power of the beam at J-PARC
in Tokai Village is upgraded to 1.3MW. In a similar manner to
the off-axis design (2.5◦) in the T2K experiment, it is assumed
that T2HKK uses an off-axis beam at a 1.5◦ angle between the
directions of the decaying charged pions and neutrinos, and
the neutrino energy spectrum has a peak approximately at 0.8
GeV.
On the other hand, DUNE [6] is another long baseline ex-
periment which is planned in USA. Its baseline length and
peak energy is L=1300 km, E ∼ 3 GeV, respectively. It will
be driven by a 1.2 MW proton beam, and is designed to ac-
commodate future beam power upgrades to 2.4 MW. It is ex-
pected that a liquid argon detector of fiducial mass 40 kt gives
information for wide range of the neutrino energy.
The matter effect appears in the neutrino oscilla-
tion probability typically in the form of GFNeL/
√
2 =
[ρ/(2.6g/cm3)][L/(4000km)]. The baseline length of T2HK
(L = 295 km) is too short for the matter effect, so T2HK has
poor sensitivity to NSI in the neutrino propagation. The base-
line lengths of T2HKK and DUNE are comparable to the typ-
ical length which is estimated by the matter effect, so T2HKK
and DUNE are expected to be sensitive to NSI in the neutrino
propagation.
We have used the GLoBES [85, 86] andMonteCUBES [87]
softwares to simulate all the above experiments. The run time
of both DUNE and T2HKK is taken as 10 years. For T2HKK
the ratio of neutrino and antineutrino running is 1:3 while for
DUNE it is 1:1. Our results are consistent with Refs. [6, 7].
We calculate our sensitivity in terms of χ2 in the following
way:
χ2stat = 2
∑
i
{
N˜ testi −N truei −N truei log
(
N˜ testi
N truei
)}
. (9)
The index i corresponds to the number of energy bins, and
N˜ testi stands for the test events which are obtained by the orig-
inal test eventsN testi by a scale factor to incorporate the effect
of the systematic errors in the following way:
N˜ testi ≡
(
1 +
∑
k
cki ξk
)
N testi (10)
2 The possibility of a second detector in Korea for the T2K experiment was
discussed in the past [69–84].
where cki is the 1σ systematic error corresponding to the pull
variable ξk , the index k stands for number of pull variables.
The final χ2 is obtained by varying ξk from −3 to +3 corre-
sponding to their 3σ ranges and minimizing the combination
of the statistical (χ2stat) and systematic (
∑
k ξ
2
k) contributions
over ξk and the oscillation parameters:
χ2 = min
ξk, osc. param
(
χ2stat +
∑
k
ξ2k
)
. (11)
For T2HKKwe have taken an overall systematic error of 3.2%
(3.6%) for appearance (disappearance) channel in neutrino
mode and 3.9% (3.6%) for appearance (disappearance) chan-
nel in antineutrino mode. Systematic error is the same for
both the signal and the background. The systematic error for
DUNE is 2% (10%) for appearance channel and 5% (15%) for
disappearance channel corresponding to the signal (the back-
ground). The systematic errors in neutrino and antineutrino
mode are the same for DUNE.
III. CORRESPONDENCE BETWEEN THE LONG
BASELINE AND SOLAR NEUTRINO EXPERIMENTS
Our strategy in this paper is to give the excluded region in
the (ǫfD, ǫ
f
N )-plane by marginalizing all the parameters. This
means that, given a set of parameters (ǫfD, ǫ
f
N ), we have to
minimize χ2 by varying all the parameters which satisfy the
relations (7) and (8). For this purpose, let us discuss the re-
lation of the NSI parameters ǫαβ to ǫ
f
D and ǫ
f
N . The first
thing to note is that the relation between ǫαβ and (ǫ
f
D, ǫ
f
N )
is a many-to-one mapping, so we have to choose the indepen-
dent and dependent variables from the two relations (7) and
(8). In the following, we will treat ǫfee, |ǫfeτ | and ǫfττ as depen-
dent parameters and regard all others θ23, δCP , |ǫfeµ|, arg(ǫfeµ),
arg(ǫfeτ ), |ǫfµτ | and arg(ǫfµτ ) as independent variables.3 The
second point to mention is that the constraint on ǫµµ is so
strong [21, 22] that |ǫµµ| is much smaller than the error of ǫfee
and ǫfττ . Thus we can assume ǫµµ = 0 with a good approx-
imation in Eqs.(˙7) and (8). Since the analysis in Ref. [9] was
done for real ǫfN , Eq. (8) implies that the real part of the right
hand side of Eq. (8) equals ǫfN while the imaginary part of the
right hand side of Eq. (8) vanishes. From Eq. (8), therefore,
we can express |ǫfeτ | and ǫfττ in terms of other parameters as
follows:
|ǫfeτ | =
1
c13c23 sin(φ13 + δCP)
(−F sin δCP +G cos δCP)
ǫfττ =
2
s13 sin 2θ23 sin(φ13 + δCP)
(F sinφ13 +G cosφ13)
3 The errors of the standard oscillation parameters θ12, ∆m
2
21
, ∆m2
32
and
θ13 have little impact on our analysis, so we will fix these parameters
throughout this paper.
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FIG. 1. The excluded regions in the (ǫD, ǫN ) plane in the case of T2HKK and DUNE for δCP = −90
◦ and θ23 = 45
◦ (outside of the curves).
The allowed regions at 90%CL and 3σ suggested by the global analysis [9] are also shown in dashed curves (inside of the curves). The large
(small) red and black circles stand for the best fit points for the case of f = u and f = d from the global (solar + KamLAND) analysis [9],
respectively.
where φjk , F and G are defined by
φ12 ≡ arg(ǫfeµ), φ13 ≡ arg(ǫfeτ ), φ23 ≡ arg(ǫfµτ ),
F ≡ ǫfN − c13c23 |ǫfeµ| cosφ12 (12)
− s13|ǫfµτ |
{
s223 cos(φ23 − δCP)− c223 cos(φ23 + δCP)
}
G ≡ −c13c23 |ǫfeµ| sinφ12 (13)
− s13|ǫfµτ |
{
s223 sin(φ23 − δCP) + c223 sin(φ23 + δCP)
}
.
After we obtain |ǫfeτ | and ǫfττ , we get ǫfee from Eq. (7):
ǫfee =
2
c213
{s23
2
sin 2θ13|ǫfeµ| cos(δCP + φ12)
+
c23
2
sin 2θ13|ǫfeτ | cos(δCP + φ13)
− (1 + s213) c23s23|ǫfµτ | cos(φ23) (14)
− ǫfD +
s223 − s213c223
2
ǫfττ
}
Unlike in the case of the solar neutrino analysis with NSI,
in the analysis of oscillations in the Earth, the ratio Ye =
#(p)/(#(p) + #(n)) of electrons to nucleons is approxi-
mately 1/2. So we have
ǫαβ = 3 ǫ
f
αβ (15)
for either choice of f = u or f = d, as can be seen from
Eq. (5). In the following, we adopt the parameter ǫαβ which
is related to ǫfαβ by Eq. (15). The constraints on ǫ
f
αβ for f =
u and f = d are given in Ref. [22] in the case of terrestrial
experiments, and we have at 90% CL
|ǫfeµ| < 0.05, |ǫfµτ | < 0.05
for both f = u and f = d. This leads to the following prior
on the moduli of ǫeµ = 3ǫ
f
eµ and ǫµτ = 3ǫ
f
µτ :
χ2prior = 2.7
( |ǫeµ|
0.15
)2
+ 2.7
( |ǫµτ |
0.15
)2
.
It is understood that this prior should be included in χ2, i.e.,
χ2 = min
ξk, osc. param
(
χ2stat +
∑
k
ξ2k + χ
2
prior
)
(16)
5ǫee |ǫeτ | ǫττ δCP θ23 arg(ǫeτ ) |ǫµτ | arg(ǫµτ ) |ǫeµ| arg(ǫeµ) χ
2
0.846 0.123 -0.021 -90 47 0 0 0 0 0 25.46
1.128 0.108 0.511 -90 45 30 0.15 90 0 0 17.54
0.917 0.146 0.114 -90 47 0 0 0 0.03 30 24.61
TABLE I. The values of the oscillation parameters and χ2 for (ǫD, ǫN ) =(-0.14, -0.03) corresponding to T2HKK and NH.
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FIG. 2. The appearance probability P (νµ → νe) with and without the NSI parameters. The flux at the detector in Korea is also shown.
δCP θ23 χ
2 (T2HKK) χ2 (DUNE)
-180 41 3.45054 5.37943
45 2.42115 3.74085
49 4.12396 6.59227
-90 41 18.6853 13.0887
45 17.5457 31.8923
49 21.0747 21.2725
0 41 58.7701 26.9004
45 55.3685 40.5282
49 53.0394 34.5516
90 41 18.8283 21.0033
45 11.3261 35.3203
49 23.2802 9.26665
TABLE II. The values χ2 for (ǫD, ǫN ) =(-0.14, -0.03) for T2HKK
and DUNE in NH.
In our analysis we found that the effect of |ǫfeµ| as well as
arg(ǫfeµ) is small compared to |ǫµτ | and arg(ǫµτ ). In the fol-
lowing analysis, therefore, we fix the value |ǫfeµ| as 0. We will
discuss this point in detail in the next section.
IV. RESULTS
Assuming that Nature is described by the standard oscilla-
tion scheme and that the mass hierarchy is known, we have
obtained χ2 at each point in the (ǫfD, ǫ
f
N )-plane for T2HKK
and DUNE. The excluded regions at 90%CL, 99%CL, 3σ,
4σ, 5σ are shown in Fig. 1. The true oscillation parameters
are sin2 2θ12 = 0.84, ∆m
2
21 = 7.8 × 10−5eV2, ∆m231 =
2.5 × 10−3eV2, θ23 = 45◦, sin2 2θ13 = 0.09, δCP = −90◦.
For comparison, the allowed regions at 90%CL and 3σ sug-
gested by the global analysis in Ref. [9] are also depicted. The
large (small) red and black circles stand for the best fit points
for the case of f = u and f = d from the global (solar +
KamLAND) analysis respectively. The left column is for nor-
mal hierarchy (∆m231 > 0: NH) and the right column is for
inverted hierarchy (∆m231 < 0: IH) whereas the first row is
for T2HKK and the second row is for DUNE.
In general the sensitivity of DUNE is better than that of
T2HKK. We observe that the both experiments will exclude
some of the regions suggested by the global analysis, although
it is difficult for the both experiments to exclude the region
near the origin (the standard scenario). The best fit point of
the combined analysis of the solar neutrino and KamLAND
data by Ref. [9] can be excluded at more than 10σ, while the
best fit point of the global analysis in Ref. [9] can be excluded
at 3σ, by both T2HKK and DUNE. For T2HKK the sensitivity
is same for both NH and IH whereas for DUNE the sensitiv-
ity in IH is slightly better than NH. It is remarkable that the
excluded region is relatively horizontal, i.e., the constraint is
stronger in the direction of ǫfN compared to the one of ǫ
f
D. This
is because the appearance probabilityP (νµ → νe) is sensitive
to |ǫeτ | ∼ |ǫfN | while ǫfD ∼ ǫee changes the magnitude of the
matter effect and the accelerator based long baseline experi-
ments with energyEν ∼ a few GeV and with baseline lengths
L ∼(1000km) are not very sensitive to the matter effect.
Now let us discuss the effect of ǫeµ and ǫµτ . To under-
stand that we calculate the χ2 for the NSI parameter set (ǫD,
ǫN ) =(-0.14, -0.03) which is the best fit point of the global
analysis for f = u in Ref. [9] for three cases: (i) |ǫeµ| = 0,
|ǫµτ | = 0, (ii) |ǫeµ| = 0 and |ǫµτ | 6= 0 and (iii) |ǫeµ| 6= 0
and |ǫµτ | = 0. We do this for T2HKK and NH. The value of
χ2 for these three cases are 25.46, 17.54 and 24.61, respec-
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FIG. 3. Comparison of the excluded regions by T2HKK, DUNE and the HK atmospheric neutrino observation [61, 88] in the (ǫD, ǫN ) plane.
Others are the same as in Fig. 1.
tively. From these it is clear that we have more effect of ǫµτ
on the sensitivity than that of the ǫeµ. We list the values of the
different oscillation parameters corresponding to the χ2 men-
tioned above in Table I. To understand it further in Fig. 2, we
have plotted the appearance channel probability vs energy for
the T2HKK baseline for the cases (ii) and (iii) along with the
standard one, i.e., without NSI. The value of θ23 and δCP are
45◦ and−90◦ respectively. The left panel is for neutrinos and
the right panel is for antineutrino. In the panels we have also
given the corresponding fluxes (in arbitrary units). From the
panels we see that in the energy range E < 2 GeV (which is
the region of interest for T2HKK) the separation between the
standard curve and the green curve is less conspicuous than
the separation between standard and purple curve. This ex-
plains the reason why introducing ǫµτ affects the sensitivity
in a more significant way than ǫeµ does.
For comparison with the HK atmospheric neutrino obser-
vation, which is analyzed in Refs. [61] and [88], in Fig. 3 we
show the excluded regions at 2σ and 3σ for T2HKK, DUNE
and the HK atmospheric neutrino observation. The analy-
sis of the HK atmospheric neutrino observation in Refs. [61]
and [88] was done with the codes that were used in Ref. [89–
92] on the assumption that the HK fiducial volumes are 0.56
Mton, which is the old design of HK, and the observation is
done for 12 years, that the HK detector has the same detection
efficiencies as those of Super-Kamiokande (SK) and that HK
atmospheric neutrino data comprise the sub-GeV, multi-GeV
and upward going µ events as in the case of SK. In the case of
normal hierarchy, we can see from Fig. 3 that the sensitivity
of the HK atmospheric neutrino experiment is better than that
of the accelerator based experiments particularly with respect
to ǫD. This is because the atmospheric neutrino experiment
has information from a wide range of the baseline lengths
up to the diameter of the Earth (∼ 13000km) and it is more
sensitive to the matter effect. On the other hand, in the case
of inverted hierarchy, the sensitivity of the HK atmospheric
neutrino experiment is inferior. This is because atmospheric
neutrino experiments with water Cˇerenkovdetectors measure
only the sum of neutrinos and antineutrinos, and there is a de-
structive phenomenon in which the deviations of the neutrino
and antineutrino modes are averaged out [92]. In the case of
the accelerator based experiments, which separately measure
the neutrino and antineutrino modes, such a destructive phe-
nomenon does not occur and the sensitivity for inverted hier-
archy is almost the same as that for normal hierarchy.
In Figs. 1 - 3 we have assumed that the true oscillation pa-
rameters are θ23 = 45
o and δCP = −90o. We have also stud-
ied the dependence of the excluded regions by the two experi-
ments on the true oscillation parameters θ23 and δCP , and the
results are given in Fig. 4. The first two rows are for T2HKK
whereas the third and fourth rows correspond to DUNE. Each
panel of Fig. 4 corresponds to a particular true value of θ23
and the four contours correspond to four different values of
δCP . We have considered three choices of true θ23 which are
41◦, 45◦ and 45◦ along with four choices of δCP which are
0◦, 90◦, 180◦, 270◦. In these plots the red and black circles
are the best fit points for the case of f = u and f = d from
the global analysis respectively. From these plots the follow-
ing features can be observed:
• The dependence of the excluded regions on θ23 is small,
while the dependence on δCP is relatively large.
• The sensitivity of T2HKK for NH and IH is almost
same whereas for DUNE the sensitivities are different
in NH and IH. In fact for DUNE, the sensitivity in IH
is slightly better than NH. This can be attributed to the
fact that for T2HKK we have taken 1:3 running of neu-
trino and antineutrino beam but for DUNE this ratio is
1:1.
• In T2HKK the sensitivities corresponding to δCP =
90◦ and 270◦ are almost same but this is not the case
for DUNE. This may be due to the fact that T2HKK
will use a narrow band flux and mainly covers the sec-
ond oscillation maximumbut for DUNE the flux is wide
band and it covers both the first and second oscillation
maximum.
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FIG. 4. Dependence of the 3σ excluded region on the true values of δCP and θ23 for T2HKK and DUNE. The red and black circles stand for
the best fit points for the case of f = u and f = d from the global analysis [9].
• Among the four choices of δCP , the sensitivity is poor
for δCP = 180
◦. This is true for both T2HKK and
DUNE.
• The bes-fit points can be ruled out at 3σ for all the com-
binations of θ23 and δCP in T2HKK and (DUNE, NH)
except δCP = 180
◦. For (DUNE, IH), even the best-fit
points for δCP = 180
◦ can be excluded at 3σ.
Finally in Table II, we give the χ2 for the best-fit point
(ǫD, ǫN ) =(-0.14, -0.03) in NH. The numbers in the table
also confirm that the capability of T2HKK and DUNE to ex-
clude the NSI best fit point does not depend much on the true
value of θ23 but it heavily depends upon the true value of
δCP . The sensitivity is maximum for δCP = 0
◦ and worst
for δCP = 180
◦ in NH. From the table we also understand
that the capability of T2HKK to exclude this particular best-
fit point is better than DUNE for δCP = 0
◦, (δCP = 90
◦,
θ23 = 49
◦), and (δCP = −90◦, θ23 = 41◦).
8V. CONCLUSION
In this paper we have studied the sensitivity of the future ac-
celerator based neutrino long baseline experiments, T2HKK
and DUNE, to NSI which is suggested by the tension be-
tween the mass squared differences from the solar neutrino
and KamLAND data. We have given the excluded regions
in the in the (ǫD, ǫN ) plane, and it turned out that the sen-
sitivity of DUNE is slightly better than that of T2HKK. We
found that the both experiments will exclude some of the re-
gions suggested by the global analysis, although it is difficult
for the both experiments to exclude the region near the stan-
dard scenario point. If there are no non-standard interactions
in nature, then the best fit point of the combined analysis of
the solar neutrino and KamLAND data by Ref. [9] can be ex-
cluded at more than 10σ, while the best fit point of the global
analysis in Ref. [9] can be excluded at 3σ, by T2HKK and
DUNE for most of the parameter space. We have found that
the accelerator based long baseline experiments are sensitive
to the parameter ǫN rather than to ǫD. The sensitivity of the
two experiments turned out to be comparable to, or in the case
of inverted hierarchy, even better than that of the HK atmo-
spheric neutrino experiment.
If the tension between the solar and KamLAND experi-
ments is due to NSI in neutrino propagation and if the true
values of the parameters lie near the best fit point, then we
may be able to see the affirmative signal in these long base-
line experiments in the future.
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